Latent infection by Epstein-Barr virus (EBV) requires both replication and maintenance of the viral genome. EBV nuclear antigen 1 (EBNA1) is a virus-encoded protein that is critical for the replication and maintenance of the genome during latency in proliferating cells. We have previously demonstrated that EBNA1 recruits the cellular origin recognition complex (ORC) through an RNA-dependent interaction with EBNA1 linking region 1 (LR1) and LR2. We now show that LR1 and LR2 bind to G-rich RNA that is predicted to form G-quadruplex structures. Several chemically distinct G-quadruplex-interacting drugs disrupted the interaction between EBNA1 and ORC. The G-quadruplex-interacting compound BRACO-19 inhibited EBNA1-dependent stimulation of viral DNA replication and preferentially blocked proliferation of EBV-positive cells relative to EBVnegative cell lines. BRACO-19 treatment also disrupted the ability of EBNA1 to tether to metaphase chromosomes, suggesting that maintenance function is also mediated through G-quadruplex recognition. These findings suggest that the EBNA1 replication and maintenance function uses a common G-quadruplex binding capacity of LR1 and LR2, which may be targetable by small-molecule inhibitors.
Epstein-Barr virus (EBV) is a human gamma herpesvirus that has been implicated in several lymphoid and epithelial cell malignancies (reviewed in reference 60). EBV establishes a long-term latent infection in memory B lymphocytes, where the genome is maintained as a multicopy, chromatinized episome (9) . Episome stability in proliferating B cells requires that the viral genome be replicated and faithfully segregated during each cellular division (22, 34) . The EBV episomal minichromosome has a genetically defined origin of plasmid replication, referred to as OriP (59) . OriP can function as an efficient origin of DNA replication and is thought to be essential for stable maintenance of the viral episome in proliferating cells (58) . OriP recruits several components of the cellular replication machinery, including subunits of the origin recognition complex (ORC) and minichromosome maintenance proteins, and replicates indistinguishably from cellular chromosomal origins of replication (8, 13, 42, 43) . ORC recruitment to OriP is thought to be essential for replication initiation function but may also be important for other functions, including episome maintenance and chromatin organization (56) . ORC recruitment to OriP requires the virus-encoded protein EBV nuclear antigen 1 (EBNA1), but other factors may also contribute to ORC recruitment and function at OriP (2, 11, 12) .
EBNA1 is essential for maintaining the latent viral episome during latency. Genetic disruption of EBNA1 from EBV leads to a profound reduction in B-cell transforming activity and an inability to establish episomal latency (28) . EBNA1 has several well-characterized functions and protein domains. The EBNA1 C terminus comprises a DNA-binding domain (DBD) with structural similarities to human papillomavirus E2 (5) . The DBD binds with high affinity to an ϳ18-bp palindromic site that is repeated throughout OriP. OriP contains two distinguishable sites of EBNA1 binding, the family of repeats and the dyad symmetry (DS). The family of repeats is a cluster of 20 EBNA1-binding sites that is important for transcription regulation and episome segregation and maintenance (57) . The DS contains two EBNA1 paired-binding sites, the spacing of which is critical for DNA replication initiation function (4) .
The replication and plasmid maintenance function of EBNA1 depends on linking region 1 (LR1) and LR2. LR1 and LR2 consist of arginine-and glycine-rich stretches that resemble RGG motifs, which have been described for several RNAbinding proteins (6) . LR1 and LR2 have RNA-binding activity, but the significance of this RNA binding has not been clearly established (30, 51) . LR1 and LR2 also possess HMGA1a-like AT hooks that confer AT-rich DNA-binding activity (44, 45) . HMGA1a AT hook activity has been implicated in origin formation at several cellular origins (53) . LR1 and LR2 have been noted to have homotypic binding activity and form higherorder structures in electrophoretic mobility assays (3, 15, 31) . LR2 can also interact with cellular proteins P32/TAP (54, 55) and EBP2 (48) . In addition, LR1 and LR2 confer the metaphase chromosome-binding activity of EBNA1, which is thought to be a critical component of the episome maintenance function (32, 33, 45) . In addition to these functions in DNA replication and plasmid maintenance, EBNA1 is also essential for transcription activation of other viral genes during latent infection in primary B cells (1) . The transcription activity was mapped to two regions in the N-terminal domain, referred to as the unique region 1 and LR2 (25, 56) . How these various domains of EBNA1 confer transcription, replication, and plasmid maintenance function are not completely understood.
Our previous work has demonstrated that EBNA1 recruits ORC to the DS directly through the RGG-like motifs found in LR1 and LR2 (37) . RGG domains were first identified in nucleolin and are known for their RNA-binding ability (26) . We found that the interaction between ORC and EBNA1 was RNA dependent. Previous studies, as well as our own, have shown that EBNA1 RNA binding is sequence independent but has a strong preference for G-rich RNA (30, 51) . Our previous study indicated that EBNA1 bound preferentially to structured RNA, as demonstrated by the altered mobility of a G-rich RNA probe during gel electrophoresis. Other RGGlike RNA binding proteins are known to bind in a structurespecific, rather than sequence-specific, manner. Both nucleolin and fragile-X mental retardation protein (FMRP) bind to structured G-quadruplex RNA (10, 17) . Based on the protein domain similarities between EBNA1 and FMRP, we decided to investigate if EBNA1 also had a preference for G-quadruplex RNA. G-quadruplex structures occur when four guanine bases interact through noncanonical Hoogstein base pairing to form planar G-quartets, which in turn form stacks (reviewed in ref- erence 20) . A minimum of two stacked G-quartets will form a G-quadruplex, but stacks of three or more G-quartets have higher stability. In general, RNA G-quadruplexes are more stable than DNA structures. Many different forms of G-quadruplex structures exist and can be distinguished, for example, by the parallel or antiparallel orientation of the loops that accommodate the G-tetrads. G-quadruplexes, including those that form at the single stranded G-rich DNA overhangs found at telomeres, have been implicated in many different functions (38) . G-quadruplex formation at telomeres is thought to limit template accessibility to telomerase and contribute to telomere length regulation (21) . G-quadruplex-interacting compounds, such as TMPyP4 and BRACO-19, prevent telomerase function at telomeres, presumably by blocking telomerase access to G-rich telomere DNA (7, 46) . Both TMPyP4 and BRACO-19 have been used to selectively inhibit cell growth of telomerasedependent tumor cells. G-quadruplexes can also form in transcription-regulatory regions of various genes, including the cMyc gene (49, 50) .
In the present study, we investigated the RNA-binding properties of EBNA1. We explored the sequence and structural features of RNA that bind EBNA1 in vitro. We also used G-quadruplex-interacting compounds to determine the role of G-quadruplex RNA in mediating EBNA1 functions in vitro and in vivo. We present evidence that G-quadruplex-interacting compounds may be useful for the pharmacological inhibition of EBNA1-dependent replication and metaphase chromosome attachment.
MATERIALS AND METHODS
Cell lines, constructs, and antibodies. HeLa cells were cultured in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, 2 mM Glutamax, and 100 IU/ml penicillin-streptomycin. DG75, BJAB, Raji, LCL3456, and LCL 3472 cells were cultured in RPMI supplemented with 10% fetal bovine serum, 2 mM Glutamax, and 100 IU/ml penicillin-streptomycin. Glutathione S-transferase (GST)-LR1, GST-LR2, ORC1 peptides, and constructs used for transient replication assay have all been previously described (37) . Briefly, GST-LR1 and GST-LR2 were generated with primers that amplified the regions from amino acid (aa) 30 to 53 and 328 to 350, respectively, and cloned into the EcoRI-BamHI sites of pGEX-4T vector. GST-ORC1 aa 1 to 200, GST-ORC1 aa 201 to 511, and GST-ORC1 aa 512 to 861 were generated in the same manner.
All proteins were expressed in Bcl Star cells (Invitrogen), purified over glutathione-Sepharose beads (Amersham), and dialyzed into D150 buffer (20 mM HEPES [pH 7.9], 20% glycerol, 1 mM EDTA, 150 mM KCl, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride). For the replication assay, full-length EBNA1 (FL-EBNA1) (lacking Gly-Ala repeats), the DBD (aa 454 to 640), or four tandem copies of LR1 (aa 30 to 56) fused to the DBD (4ϫLR1-DBD) was cloned into the 3ϫFlag CMV 24 vector (Sigma). pHeBo was used as the reporter plasmid (52) . For metaphase spreads, either the amino terminus of EBNA1 (aa 1 to 440) was cloned into the BglII/EcoRI sites of pmCherry-C1 (Clontech Laboratories, Inc.) or FL-EBNA1 (lacking Gly-Ala repeats) was cloned into the Asp718/BglII sites of pEGFP (Clontech).
For immunoprecipitation, polyclonal rabbit EBNA1 (305/10wk) was used (16) . For Western blotting, monoclonal EBNA1 (ABI), ORC2 (MBL), GST (Santa Cruz), ␤-actin (Sigma), and Flag (Sigma) antibodies were used according to the manufacturer's directions.
TMPyP2, TMPyP3, and TMPyP4 can be purchased from Frontier Scientific, and BRACO-19 was synthesized by C. Meyers at the Fox Chase Cancer Center.
EMSA and replication assay. Electrophoretic mobility shift assay (EMSA) conditions have been previously described (37) . Briefly, the probe was end labeled with [␥- 32 P]ATP and T4 polynucleotide kinase. Labeled probe (10 pM) was incubated with purified protein (ϳ100 nM) in D150 for 30 min at room temperature and then loaded on a 1.5% horizontal agarose gel in 1/2ϫ Tris-borate-EDTA. Gels were dried on DE81 paper and exposed overnight for PhosphorImager analysis. The replication assay has been previously described (11) .
Immunoprecipitation, GST pulldown assay, and retention assay. Immunoprecipitation for Raji cells and GST pulldown assays have been previously described (2) . The only modification was that the wash buffer was supplemented with 10 M TMPyP2, TMPyP3, TMPyP4, or BRACO-19 as indicated. For the retention assay, GST protein was immobilized on glutathione-Sepharose beads as described for the GST pulldown assay. The bead-bound protein was then washed three times in wash buffer supplemented with 10 M BRACO-19 and 20 g/ml RNase A (Sigma). The bead-bound protein slurry was spotted onto Whatman paper and allowed to air dry. An image was taken with a digital camera, and BRACO-19 retention was quantified using ImageQuant.
Genome maintenance assay. Genome copy number was measured by real-time PCR as described previously (62) . Cells were either mock treated or treated with 10 M BRACO-19 and harvested 3 days later. Genome copy number was analyzed by quantitative PCR with primers specific to EBV DS or the cellular ␤-actin gene.
Viability assay and propidium iodide staining. DG75, BJAB, Raji, LCL3456, and LCL3472 cells were plated at 2.5 ϫ 10 5 cells per ml, cultured as described above, and supplemented with 10 M BRACO-19 as indicated. Cells were collected at day 3 and resuspended at a concentration of 2.5 ϫ 10 5 cells per ml in medium containing 10 M BRACO-19 for an additional 3 days. After 6 days of treatment, cells were washed twice in 1ϫ phosphate-buffered saline (PBS), resuspended in 80% ethanol, and incubated at Ϫ20°C. Cells were collected by centrifugation and resuspended in 1ϫ PBS supplemented with 20 g/ml propidium iodide (Sigma) and 6 g/ml RNase A (Sigma). Cells were then analyzed by flow cytometry.
Metaphase spreads and epifluorescence. Generation of metaphase spreads and epifluorescence have been previously described (33) . Briefly, HeLa cells were transfected with either the empty Cherry or green fluorescent protein (GFP) vector or Cherry-EBNA1 (1 to 440) or GFP-FL-EBNA1 constructs. Cherry-transfected cells were collected at 24 h posttransfection, and cells expressing high levels of fluorescence were collected by fluorescence-activated cell sorting. GFP-positive cells were not sorted since they expressed uniformly high levels after transfection (Ͼ60% positive). Cells were replated in 0 or 10 M BRACO-19 and then at 24 h postsorting were treated with 0.1 g/ml colcemid (Roche) for 24 h. After 72 h posttransfection, cells were stained with 1 g/ml Hoechst 33342 for 15 min and immediately collected by gentle pipetting, washed once in 1ϫ PBS, resuspended in 75 mM KCl, and incubated for 20 min at room temperature. Cells were affixed to slides by cytocentrifugation (500 rpm, 3 min). Coverslips were affixed to slides immediately with 20% glycerol in 1ϫ PBS and observed for fluorescence.
nature of this structure remains unknown. To further investigate the nature of the RNA structures bound by EBNA1, we employed an EMSA using agarose gels to test the abilities of various RNA and DNA probes to bind LR1 or LR2 (Fig. 1) . We compared RNA probes that were 30 nucleotides in length and that were predicted to form intramolecular G-quadruplex structures (RNA 01, RNA 03, and RNA 05), were not likely to form intramolecular G-quadruplex structures (RNA 06, RNA 07, and RNA 08), or were G poor (RNA 02 and RNA 04). We also designed a 30-nucleotide G-quadruplex DNA probe (RNA 09) and a G-rich double-stranded DNA probe that could not form an intramolecular G-quadruplex structure (RNA 10). Sequences having at least four separate clusters of two or more guanine nucleotides can form stable intramolecular G-quadruplexes, and stability is increased when the clusters contain three or more guanines and when the loops between the clusters are short (20) . We used these considerations to assign G-quadruplex formation potentials for the different probes ( Fig. 1B and D) .
We found that purified GST-LR1 and GST-LR2 bound preferentially to the RNA probes that have intramolecular G-quadruplex-forming capability (RNA 01, RNA 03, and RNA 05) (Fig. 1C) . GST alone did not bind to any of the probes. The binding appears to be better for the canonical G-quadruplex probes RNA 03 and RNA 05, which have three stacks, rather than the less stable two stacks, and shorter loops than the RNA 01 probe. We were unable to detect any binding by GST-LR1 and GST-LR2 to the non-G-quadruplex G-rich RNA (probes RNA 06, RNA 07, and RNA 08), which were scrambled versions of RNA 01, nor do they appear to bind to the G-poor RNA (probes RNA 02 and RNA 04). Furthermore, GST-LR1 and GST-LR2 did not bind to the DNA probes (either the single stranded G-quadruplex DNA [probe DNA 09] or the G-rich double-stranded DNA [probe DNA 10] ). This suggests that GST-LR1 and GST-LR2 have a preference for G-rich RNA with predicted G-quadruplex-forming capability.
G-quadruplex-interacting molecules disrupt EBNA1 recruitment of ORC. We have previously demonstrated that EBNA1 interaction with ORC can be seen by coimmunoprecipitation from EBV-positive cell lines (37) . Furthermore, only the LR1 or LR2 region of EBNA1 is necessary to recruit ORC from HeLa nuclear extract. In both cases, RNA is critical for this interaction, but the role of RNA structure is not fully known. The data in Fig. 1 strongly support the hypothesis that EBNA1 recognizes structured G-quadruplex RNA; however, we wanted to determine if structure was also important in EBNA1 interaction with and recruitment of ORC. Therefore, we used a series of G-quadruplex-specific compounds, TMPyP3, TMPyP4, and BRACO-19, to probe the role of RNA structure in EBNA1 recruitment of ORC. TMPyP3 and TMPyP4 are cationic porphyrins that exhibit specificity for G-quadruplex structures, both DNA and RNA (47) . TMPyP4 has been used to study the role of G-quadruplex DNA at both telomeres as well as at the c-Myc promoter. TMPyP2 is a positional isomer of TMPyP3 and TMPyP4 with low specificity for G-quadruplex structures. BRACO-19 is a trisubstituted acridine that also interacts specifically with G-quadruplex structures, both DNA and RNA (41) . BRACO-19 has been used to illustrate the role of G-quadruplex DNA at telomeres. These compounds were tested for their ability to interfere with EBNA1 interactions with ORC (Fig. 2) .
When EBNA1 was immunoprecipitated from EBV-positive Raji cell extracts, ORC subunit ORC2 coimmunoprecipitated ( Fig. 2A, control lane) . The addition of 10 M TMPyP2 to the wash buffer did not disrupt ORC2 coimmunoprecipitation by EBNA1. However, the addition of 10 M G-quadruplex-specific compounds TMPyP3, TMPyP4, and BRACO-19 disrupted the association of ORC2 with EBNA1. We next looked at the ability of GST-LR1 to recruit ORC2 from HeLa nuclear extract in the presence of these compounds. As previously shown, GST-LR1 is able to efficiently recruit ORC2 from HeLa nuclear extract, and 10 M TMPyP2 did not disrupt this interaction (Fig. 2B) . However, the addition of 10 M TMPyP3, TMPyP4, and BRACO-19 completely disrupted the interaction between EBNA1 LR1 and ORC2. These compounds also disrupted GST-LR2 interaction with ORC2 (data not shown). These findings suggest that EBNA1 interaction with ORC may be mediated by G-quadruplex RNA.
One of the observations during the GST pulldown assay was that the pigmented compounds TMPyP3, TMPyP4, and BRACO-19 appeared to be enriched on the bead-bound LR1 and LR2 peptides in the absence of other cellular proteins. When either GST or GST-LR1 was immobilized on glutathione beads and washed in the presence of 10 M BRACO-19, there was an enrichment of BRACO-19 compound by GST-LR1 relative to GST alone, as seen by the accumulation of (Fig. 2C) . The addition of 20 g/ml RNase A partially decreases BRACO-19 association with GST-LR1, by ϳ33%. Since the G-quadruplex RNA may be partially resistant to RNases, it may not be surprising that RNase could not eliminate all of the BRACO-19 bound to LR1. These results suggest that LR1 and LR2 bind BRACO-19 through a tight association with G-quadruplex RNA that remained bound to the EBNA1 peptide during the purification from bacterial cells. We next examined the effects of G-quadruplex-specific drugs on the RNA-binding properties of EBNA1 LR1 in EMSA (Fig.  3A) . The addition of either 10 M or 50 M TMPyP2 did not alter GST-LR1 binding to a consensus G-quadruplex-forming RNA probe (RNA 05). The addition of 10 M TMPyP3 had a small inhibitory effect on RNA binding. Addition of 50 M TMPyP3 caused a significant loss of binding and an accumulation of probe in the well. Similarly, both 10 M and 50 M BRACO-19 caused a disruption of LR1 RNA binding in EMSA. The inhibition of RNA binding correlated with the accumulation of the unbound probe in the well. We propose that both TMPyP3 and BRACO-19 bind to the G-quadruplex RNA, causing the probe to aggregate in the well and reduce its ability to migrate into the gel during electrophoresis. The addition of GST-LR1 appeared to increase the solubility of the unbound probe in the presence of the G-quadruplex drugs, suggesting that the GST-LR1 may alter the aggregation induced by TMPyP3 and BRACO-19 binding. GST-LR2 behaved similar to GST-LR1 in these assays (data not shown).
Our previous work had shown that EBNA1 interacts with a specific subdomain of ORC1 (aa 201 to 511) (37) . To determine if the interaction between ORC1 aa 201 to 500 and EBNA1 depended on G-quadruplex RNA, we assayed the effects of BRACO-19 on complex formation in EMSA (Fig.  3B) . In the absence of BRACO-19, ORC1 aa 201 to 511 bound to the G-quadruplex RNA probe (RNA 05) but not to the G-poor RNA probe (RNA 02) (Fig. 3B, lane 3 , upper and lower panels). The BAH-containing domain of ORC1 (aa 1 to 200) also bound weakly to the structured RNA probe, while that ATPase domain (aa 512 to 861) had no detectable binding activity (Fig. 3B, lanes 2 and 4, upper panel) . FL-EBNA1 protein bound specifically to the G-quadruplex RNA probe but not to the control probe, as expected (Fig. 3B , lane 5, upper and lower panels). Addition of ORC1 aa 201 to 511 together with EBNA1 produced two major species but did not produce a clear supershift complex, perhaps due to the limiting size of the 30-nucleotide RNA probe (Fig. 3B, lane 8, upper panel) . In the presence of 100 M BRACO-19, binding of ORC1 aa 201 to 511 was not altered but the weaker binding of ORC1 aa 1 to 200 was disrupted (Fig. 3B, lanes 12 and 13, upper panel) . Surprisingly, the addition of BRACO-19 abrogated EBNA1 binding to the G-quadruplex RNA in all cases except when ORC1 aa 201 to 511 was also present (Fig. 3B, lane 18 The ability of ORC1 peptides to bind to either G-quadruplex RNA or G-poor RNA was measured by EMSA. Purified GST, GST-ORC1 aa 1 to 200, GST-ORC1 aa 201 to 511, or GST-ORC1 aa 512 to 861 was incubated with either the 32 P-labeled G-quadruplex probe RNA 05 or the 32 P-labeled G-poor probe RNA 02 (lanes 1 to 4) . Purified FL-EBNA1 was included with these reactions (lanes 5 to 9). The effect of 100 M BRACO-19 on binding by these complexes was then tested (lanes 10 to 19). ORC1/RNA and EBNA1/RNA complexes are indicated by arrows.
BRACO-19 induced disruption of RNA binding by EBNA1.
One interpretation of this result is that ORC1 aa 201 to 511 competes with BRACO-19 for binding to G-quadruplex RNA.
BRACO-19 reduces EBV copy number and inhibits growth of EBV-positive cells.
To investigate the potential role of Gquadruplex RNA on EBNA1 functions in live cells, we first tested the effect of BRACO-19 on EBV genome copy number in latently infected Raji Burkitt lymphoma cells (Fig. 4A) . Raji cells were used for this assay because they maintain a high copy number of EBV episomes and are incapable of lytic cycle replication. We found that after 3 days of treatment with 10 M BRACO-19, there was a small but statistically significant decrease in EBV DNA relative to cellular DNA as measured by quantitative PCR. Longer treatments appeared to reduce Raji cell viability (Fig. 4C) . Since EBNA1 can also regulate EBV transcription, we analyzed the effects of BRACO-19 on the mRNA expression for EBNA1, EBNA2, EBNA3A, and LMP1 relative to cellular GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA (Fig. 4B) . Quantitative reverse transcription-PCR analysis revealed that BRACO-19 treatment caused a modest decrease (ϳ20%) in EBNA2 and EBNA3A mRNA expression but no significant change in that of EBNA1 or LMP1 (Fig. 4B) .
We next tested the effect of BRACO-19 on the viability of various EBV-positive and -negative cell lines (Fig. 4C ). Cells were cultured for 6 days in the presence of 10 M BRACO-19 and then analyzed by propidium iodide staining and flow cytometry. We found that there was no significant effect on viability of BJAB and DG75 cells, two EBV-negative B-cell lines (Fig. 4C) . However, the three EBV-positive B-cell lines, Raji, LCL3456, and LCL3472, all had decreased viability in the presence of BRACO-19. These findings suggest that BRACO-19 preferentially inhibits viability of a several EBVpositive cell lines.
BRACO-19 inhibits EBNA1-dependent replication of OriP. We next tested the effects of BRACO-19 on the ability of EBNA1 to stimulate OriP-dependent DNA replication in transient-transfection assays (Fig. 4D to F) . We compared FL-EBNA1, the EBNA1 DBD, and 4ϫLR1-DBD for their abilities to stimulate an OriP-containing reporter plasmid in HeLa cells (Fig. 4D) . We had previously shown that the 4ϫLR1-DBD construct is sufficient to rescue the levels of replication to nearly 70% of the levels of FL-EBNA1 (37). OriP-containing plasmid DNA was harvested from cells at 3 days posttransfection, and replication was measured by Southern blotting for resistance to methylation-specific DpnI digestion. We found that addition of 10 M BRACO-19 inhibited OriP replication by ϳ3-fold for FL-EBNA1, as well as for 4ϫLR1-DBD (Fig.  4E) . EBNA1 DBD alone did not stimulate significant levels of OriP replication, and BRACO-19 did not have any effect on this background activity. In all cases, 10 M BRACO-19 did not alter the protein expression level relative to that of the untreated control (Fig. 4E, lower panel) . Furthermore, 10 M BRACO-19 did not grossly alter the HeLa cell cycle profile as evidenced by propidium iodide staining and analysis after 3 days of treatment (Fig. 4F) . These findings suggest that BRACO-19 preferentially inhibits EBNA1-dependent DNA replication in cells and does not inhibit cell division generally in HeLa cells.
BRACO-19 inhibits EBNA1 metaphase chromosome attachment.
The LR1 and LR2 domains of EBNA1 have also been implicated in metaphase chromosome attachment. To test if structured RNA plays a role in this EBNA1 function, we generated an EBNA1 amino-terminal domain (aa 1 to 440) fusion protein with fluorescent Cherry protein. This Cherry-EBNA1⌬ fusion protein (which lacks the DBD but contains LR1 and LR2) was transfected into HeLa cells and compared to the parent Cherry vector in a parallel control. At 24 hours posttransfection, the cells were trypsinized and subjected to fluorescence-activated cell sorting. Cells that expressed high levels of the red fluorescent Cherry fusion protein were collected. These fluorescently positive cells were plated and then treated with either 0 M (mock treatment) or 10 M BRACO-19. After 24 h of BRACO-19 treatment, the cells were arrested with colcemid. After 72 h from the initial transfection, cells were examined for epifluorescence of the Cherry proteins and its colocalization to metaphase chromatin. Metaphase spreads were made without fixation to preserve epifluorescence. Representative images are shown in Fig. 5A . As expected, the Cherry peptide alone did not colocalize with metaphase chromatin (Fig. 5A, left column) . The Cherry-EBNA1⌬ fusion protein containing LR1 and LR2 efficiently attached to metaphase chromatin, and the majority, nearly 70%, of all examined metaphase spreads were positive for EBNA1 colocalization (Fig. 5A middle column, and B) . The addition of 10 M BRACO-19 caused an ϳ2-fold reduction in Cherry-EBNA1⌬ association with metaphase chromosomes (Fig. 5A , right column, and B). Cherry-EBNA1⌬ expression levels were not affected by the addition of BRACO-19 to the culture medium (Fig. 5C) .
To eliminate any concerns that Cherry-EBNA1⌬ behaves differently than FL-EBNA1 in metaphase chromosome attachment, we repeated the metaphase attachment assay using GFP-FL-EBNA1 ( Fig. 5D and E) . We observed that ϳ50% of HeLa cells scored positive for GFP-FL-EBNA1 at 24 h posttransfection. Transfected cells were then treated with 0 or 10 M BRACO-19 and assayed for association with metaphase chromosomes using the same methods as described for Cherry-EBNA1⌬. No GFP localized to metaphase chromosomes in control pEGFP-transfected cells (Fig. 5D, left column) . GFP-FL-EBNA1-transfected cells that were mock treated scored ϳ50% positive for colocalization with metaphase chromosomes. In contrast, GFP-FL-EBNA1-transfected cells treated with 10 M BRACO-19 scored ϳ10% positive ( Fig. 5D and  E) . These results indicate that BRACO-19 treatment caused a fivefold reduction in GFP-FL-EBNA1 colocalization to metaphase chromosomes. Taken together, these results demonstrate that BRACO-19 treatment can reduce metaphase attachment of EBNA1⌬, as well as FL-EBNA1, suggesting that it disrupts the tethering function of LR1 and LR2.
DISCUSSION
In this work, we investigated the role of EBNA1 RNA binding and found that EBNA1 binds preferentially to RNA capable of forming G-quadruplex structures. The contributions of G-quadruplexes to cellular biology are becoming increasingly appreciated. DNA G-quadruplex structures have been identified as being important in telomere biology as regulators of telomerase activity (39, 61) . Recent studies also have shown the emerging importance of G-quadruplexes in promoters as an added layer of transcriptional regulation (reviewed in reference 40). While there are fewer cases of RNA G-quadruplexes, one well-characterized interaction is between the RGG-like protein FMRP and RNA G-quadruplexes (10) . FMRP binds to sites within its own transcripts that form Gquadruplexes. It has been demonstrated that FMRP binding to its own transcript acts as an exonic splicing factor rather than as a translational inhibitor (14) . However, there are cases of translational inhibition by G-quadruplexes, as seen in the 5Ј untranslated region of the N-ras gene (27) .
One of the goals of this study was to determine if EBNA1 bound to RNA in a sequence-or structure-specific manner. In EMSA, EBNA1 LR1 and LR2 bound most efficiently to RNAs that were predicted to form the most stable G-quadruplex structures. To be sure that EBNA1 binding was driven by G-quadruplex structure and not guanine content, three scrambled versions of the G-quadruplex probe RNA 01 were generated (RNA 05, RNA 06, and RNA 07). These probes are unlikely to form G-quadruplexes and did not bind EBNA1. LR1 and LR2 had no detectable binding affinity for G-quadruplex DNA, indicating that only G-quadruplex RNA is recognized by EBNA1. G-quadruplex RNA is likely to be found among many RNA species in human cells. Interestingly, EBNA1 mRNA sequences that encode LR1 and LR2 are predicted to form G-quadruplex structures, and our EMSAs, shown here and previously, indicate that EBNA1 can bind with moderate affinity to its own transcript (RNA 01) (37) . While other G-quadruplex RNAs may mediate interactions with replication factors, like ORC1, and metaphase tethering targets, EBNA1 may also regulate its own mRNA stability, processing, or translational efficiency through LR1 or LR2 binding to the EBNA1 mRNA.
G-quadruplex-interacting molecules were used to further investigate the biochemical and functional properties of EBNA1. We found that the G-quadruplex-specific compounds TMPyP3, TMPyP4, and BRACO-19 interfered with EBNA1 recruitment of ORC from nuclear extracts (Fig. 2) . Also, in EMSA studies, the G-quadruplex-interacting compounds interfered with recombinant GST-LR1 (and LR2 [data not shown]) binding to G-quadruplex RNA oligonucleotides (Fig.  1) . This appeared to result from the direct binding of these compounds with the RNA, potentially competing with EBNA1 for binding. However, in the absence of exogenous RNA, GST-LR1 was capable of binding to (Fig. 2C) . It is possible that GST-LR1 binds with high avidity to bacterial G-quadruplex RNA during the purification from Escherichia coli and this may account for the interaction with BRACO-19. We also observed that ORC1 (aa 200 to 511) peptide could bind G-quadruplex RNA (Fig. 3) . Addition of ORC1 aa 200 to 511 to GST-LR1 prevented the disruptive effects of BRACO-19. The physical basis for these observations is not immediately clear, but one possibility is that ORC1 competes with BRACO-19 for access to G-quadruplex RNA. Combining these results with those of the BRACO-19 retention assay, we hypothesize that the G-quadruplex drugs may stabilize a Gquadruplex RNA conformation that is different from the conformation recognized by EBNA1 or ORC1. Disruption of the interaction between EBNA1 and ORC may be due to this conformation stability or to steric interference that prevents EBNA1 and ORC1 from binding the same G-quadruplex RNA species.
Aside from demonstrating that EBNA1 binds structured RNA, we were interested in the role of G-quadruplex RNA in EBNA1 function during infection. Our first observation was that BRACO-19 treatment moderately reduced EBV genome copy number in Raji cells (Fig. 4A) . BRACO-19 treatment also had a modest inhibitory effect on transcription levels of EBNA2 and EBNA3A (Fig. 4B) , suggesting that G-quadruplex RNA may be involved in EBNA1 transcription activation functions. Longer-term treatment with BRACO-19 led to a loss of cell viability, with EBV-positive cells showing greater sensitivity to BRACO-19 than EBV-negative cell lines (Fig. 4C) . Because G-quadruplexes are involved in various cellular functions, including telomere lengthening by telomerase, it is not surprising that G-quadruplex-interacting compounds inhibit cell viability at some concentration. However, the increased sensitivity of EBV-positive cells to BRACO-19 treatment suggests that there may be a therapeutic window through which they BRACO-19 may preferentially inhibit EBV-specific enhancement of cell viability.
BRACO-19 was also found to inhibit EBNA1-dependent DNA replication (Fig. 4E) . The ability of the G-quadruplexinteracting compound BRACO-19 to inhibit ORC recruitment and EBNA1-dependent DNA replication supports the general model that ORC recruitment by EBNA1 is necessary for replication initiation at OriP. Since EBV genomes can initiate replication outside of OriP at some frequency (35, 36) , it is not clear whether the loss of ORC recruitment or OriP-dependent DNA replication is sufficient to account for the loss of viability of EBV-positive cells. BRACO-19 may also disrupt EBNA1 interactions with other cellular factors, including transcription factors necessary for EBNA2 activation (Fig. 4B) or factors involved in episome maintenance, such as EBP2. Thus, in addition to ORC recruitment, it is possible that other functional interactions mediated by G-quadruplex RNA are disrupted by BRACO-19 treatment.
We also show that BRACO-19 is a potent inhibitor of EBNA1 metaphase chromosome attachment (Fig. 5) . Metaphase attachment has been mapped to the LR1 and LR2 regions of EBNA1, which we have shown can bind to RNA that has the ability to form G-quadruplexes in vitro. The fact that BRACO-19 can disrupt EBNA1 interaction with metaphase chromosomes suggests that G-quadruplex RNA mediates some aspects of this process. Although several subunits of ORC are known to associate with metaphase chromosomes, ORC1 has been shown to be degraded after the completion of S phase (29) . Thus, it is unlikely that ORC1 is a metaphase chromosome receptor protein for EBNA1 docking. Other cellular proteins, such as EBP2, have been strongly implicated in EBNA1 metaphase chromosome attachment (23, 24) . Interestingly, EBP2 orthologues in yeast have functions in rRNA processing (18) , suggesting that RNA may regulate some of EBP2 activities or subcellular localization. It will be interesting to determine if EBP2 interaction with EBNA1 can be regulated by RNA, especially if that RNA is a G-quadruplex species. The metaphase attachment function of LR1 and LR2 may also involve direct interactions with AT-rich DNA. Both LR1 and LR2 can be replaced by the AT hook domain of the histone H1 or HMGA1a (19, 44, 45) . Our previous study indicated that the HMGA1a protein could bind G-rich RNA, similar to LR1 and LR2. Thus, it remains possible that metaphase chromosome attachment is mediated by RNA G-quadruplex interactions, in addition to the AT-rich DNA and protein receptors that physically associate with metaphase chromosomes.
In conclusion, we have found that EBNA1 LR1 and LR2 have a strong preference for G-quadruplex RNA and that G-quadruplex RNA-interacting drugs block functions of EBNA1 critical for viral DNA replication and episome maintenance. The common requirement for G-quadruplex RNA in these two seemingly different activities of EBNA1 is not completely understood. The G-quadruplex RNA may regulate EBNA1 function by altering target interaction specificity. The identities of the endogenous RNA molecules that bind EBNA1 LR1 and LR2 in vivo have not yet been determined. Identification of these RNAs may provide additional insights into the mechanisms regulating EBNA1 functions in replication and episome maintenance. They may also provide instruction for the design of more specific interacting compounds that can serve as small-molecule inhibitors of EBNA1 function during latent infection.
